Many different instability phenomena were found on flysch slopes in the past 30 years in the area of dominant geomorphological unit Rječina Valley -Sušačka Draga Valley -Bakar Bay -Vinodol Valley. This paper gives the review of present landslide appearances and the estimation of the possible landslide occurrence at the NW part of Vinodol Bakarac Valley, between the Bakarac and Križišće settlements, in the Kvarner area (north-eastern Croatian Adriatic coast). Based on longtime investigation work results for different purposes it was established that the wings and the base of the valley are made of flysch rock complex, consisting mainly of silty marl, laminated siltstones and fine grained sandstones near the contacts with karstified carbonate rock mass. Landslide susceptibility analysis of this area was made based on existing data about lithological composition and geological fabric, geotechnical properties of slope deposits and flysch bedrock, hydrological and hydrogeological conditions and existing landslides inventory map. Spatial analysis of unfavorable conditions in the investigated location resulted in landslide susceptibility map which divides the area into four classes of susceptibility.
Introduction
Landslides are geomorphological processes associated with soil composition and material structure, tectonic, seismic, hydrogeological, climate and vegetation conditions in which they appear. Their appearances are a consequence of complex geological and hydrogeological conditions and loadings which act on the slope. Hazard assessment requires understanding of spatial and time variation of the threatening processes. The most of today's used landslide hazard analyses are based on the assumption that the similar past sliding conditions will cause similar landslide appearances in the future ("past and present are keys to the future") [1, 2] . There is a great confusion between terms landslide susceptibility and landslide hazard in the existing literature. They are often used as synonyms, but in fact they are two different concepts of the analyses. Landslide susceptibility implies that landslide will appear in some area based on the local terrain conditions [3] . Hence it is a degree in which some area is subject to instability occurrence and does not suppose the temporal variability or the landslide magnitude. Landslide hazard, on the other hand, implies that landslide of a certain magnitude will appear in a certain time period on a certain area [4] . Landslide susceptibility analysis is only a component of landslide hazard analysis. Both concepts of the analysis have experienced huge development in the last few decades, but in spite of that, there is still no unique terminology used in different countries, and maps which are results of these analyses are of different quality, reliability and accuracy. The assessment of the landslide susceptibility and landslide hazard can either be based on the assessment of an expert (qualitative methodology), or the spatial distribution of past landslides can statistically be connected to the parameters which have influence the sliding (quantitative methodology) [5] .
Geographic Information System (GIS) is a very powerful tool used in gathering, storing, processing, analysing and presenting the spatial data, working with different data base in the framework of all kinds of researches. It has lately become an important tool in landslide analyses. Landslide susceptibility, hazard or risk maps gained through the GIS analyses are much more accurate and effective, and give better results than the handmade maps gained from the same input data. The main restrictions of this technology are the suitable quality of the input data, high price of the digitalisation etc. The usual data set used in the analyses includes existing landslides, geology, geomorphology, land use, but it can also include the data about performed boreholes, soil parameters, ground water condition, rainfalls and all kinds of different parameters. From the digital terrain model (DTM) it is possible to get different sets of new data, like slope angle, orientation, water flows etc. Using different analyses function it is possible to combine some of these factor maps and to get the new results shown as a new map [6] .
The north-western part of the Vinodol Valley in Croatia, located between settlements Bakarac, near the coast of Bakar Bay, and the neck near the Križišće village, was chosen for the analysis of landslide susceptibility. This is part of dominant geomorphological unit which strikes the direction: Rječina River Valley -Sušačka Draga Valley -Bakar Bay -Vinodol Valley. Many different types of instability phenomena, especially at the contact between flysch and carbonate rocky complex were found in this area [7] . Due to the multiple geological and geotechnical investigation works in this area performed earlier for different purposes (landslide investigations, investigations for highway and railway, etc.), there is a considerable amount of existing data about geological structure, geodynamic processes and geotechnical properties of the soil in the area.
Geological properties and regional distribution of flysch deposits in north-eastern Adriatic zone
The term flysch is used for the lithologically heterogeneous complex of clastic sediment rocks. The composition of the flysch complex is in gradual exchange of fine grained sediment deposits, such as shales, silts, marls and sandstones, but it can contain breccias, conglomerates and limestone rocks as well [8] . Regarding the different lithological structure, flysch rock mass has different physical and mechanical properties. If the flysch rock mass has been exposed to water and air, it is strongly affected by chemical weathering and decomposition, with leaching of soluble minerals CaCO 3 , oxidation and swelling. These processes cause changes in the physical and mechanical properties. Mechanical weathering also influences the chemical weathering of flysch components [9] . Fine-grained fractions, such as siltstones, are the most affected by chemical weathering. As a result of these processes, the volume of some fine grained flysch rock mass components increases over the time, and disintegrating processes transform these components in silts or clays. Through this gradual degradation, the physical and mechanical properties of clayey silt materials become more like engineering soil. A consequence of these types of geomorphological processes is a sporadic accumulation of eroded Quaternary deposits on the slopes that can be susceptible to sliding [8] [9] [10] . In a typical situation, the flysch bedrock is covered by these Quaternary deposits, except the isolated areas where the erosion is more expressed. In most cases the sliding surface is formed at the contact of the bedrock and the cover, which considering the structure of the slope, can vary between the residual soil (RS) and completely weathered flysch rock mass (CW) [10] . The outcrops of marls and siltstones from flysch rock mass are also visible in relatively wide area in Istrian Peninsula. This is Pazin Paleogene basin or so called "Gray Istria" stretching from Trieste Bay in the west to Učka Mountain in the east In the Kvarner area carbonate rocks prevail, whereas siliciclastic rock mass (marls and siltstones) are restricted ( Fig. 1) . Marls with significant CaCO 3 component are lower part of Paleogene siliciclastic sedimentary rocks. Flysch rock mass (siltstones, marls, sandstones with intercalations of conglomerates and limestones) is situated in upper part of sediment basin [11] .
Significant tectonic movements in analysed area occurred before Palaeogene. Similar compression tectonic stress (WNW-ESE) influenced also the areas of Istria and Kvarner. Further geodynamic evolution was subdivided in two main time-defined phases: a) from Eocene to Pliocene, and b) from Upper Pliocene to Present. The first one is characterized by progress of deformational processes caused by the influence of the regional principal stress oriented NE-SW. This phase started with formation of wide basins where sedimentation of clastic deposits (marls and flysch) occurred and finished with strong orogenic [14] ).
movements that formed the Dinarides. The structures formed in this phase have "Dinaric" strike (NW-SE) [12] . The second time-defined phase started in Upper Pliocene and is still active with the direction of regional principal stress N-S. Most often these movements reactivated already existing structures with Dinaric strike in the Kvarner area, but they also made their own structures with new strike orientation from East to West (E-W) [13] ). The tectonic structure that includes the studied part of the Vinodol Valley is part of a dominant morphostructural unit which strikes in the direction of the Rječina River Valley-Sušačka Draga Valley -Bakar Bay -Vinodol Valley [14] (Fig. 1) . This geologic structure could be considered as a flysch syncline limited by faults, analogous with the tectonic type of the Vinodol Valley [15] .
The kinematics of the structural elements of this part of the Vinodol Valley is based on the relationship between the relatively rigid carbonate rocks and relatively ductile siliciclastic rocks during simultaneous deformation [16] . The Cretaceous and the Palaeogene limestones are situated on the top of the slopes, while the Palaeogene siliciclastic rocks or flysch are located on the lower part of slopes, including the bottom of the valley (Figs. 3 and 4) . The flysch rock complex is a block squeezed between the limestone rock complex to the northeast (N-E) and south-west (S-W). The effects of deformations are most distinctive at the contact between these two rock complexes. This explains why the relatively rigid limestone rock mass is pushed into a more ductile siliciclastic rock. On this way, a former straight line tectonic contact becomes the present toothed appearance [15, 17] .
The analysed part of the Vinodol Valley between the Bakarac and the Križišće Village has an uneven morphology. The valley has asymmetrical cross section with wider north-eastern slope. The bottom of the valley is elevated from coast to south-eastern side up to 90 m a.s.l. The peaks reach the height of 300 m in the south-western and 350 m a.s.l. in the north-eastern part of the valley (Figs 2 and 3) . Geological cross-section of studied area: 1-upper cretaceous and Paleogene limestones, 2-Paleogene siliciclastic rocks (flysch), 3-slope deposits 4-faults, according to [16] .
Unlike limestone rock on the top of the slope, flysch rock mass is almost completely covered by weathered material, slope formation and talus deposits. During the morphogenesis processes, the limestone rock mass was repeatedly faulted and fractured. Such tectonic movements and weathering processes enabled separation of the limestone blocks and their gravitational sliding on the flysch bedrock, disintegration of the rock mass, as well as the accumulation of talus deposits at the foot of the rock cliffs.
Siliciclastic or flysch rock mass is characterized by great lithological heterogeneity, because of the frequent vertical and lateral alternation of different lithological sequences. Microscopic petrological analysis of the bedrock has shown the presence of silty marl, siltstones, as well as fine grained sandstones [16] . Unlike the limestones, the flysch rock mass is more prone to weathering, resulting with a clayey weathering zone over the flysch bedrock. Over time, coarse grained fragments, originating from the rock falls, were mixed with clay from the weathered flysch zone and slope deposits several metres thick were formed (Fig. 3) .
Landslides susceptibility analyses in investigated area
The number of factors included in the landslide hazard analyses could significantly vary in different approaches. Some assessments are based on lithology and slope data [18] [19] [20] , and others use larger number of factors where each factor is quantified and its influence on landslide appearance is verified [21, 22] . For the analysis of landslide susceptibility in the investigated part of the Vinodol Valley, all available data gained from multiple geological and geotechnical investigation works were analysed. Different methods were combined during the research and data gathering: surface research based on engineering-geological mapping of terrain, field investigations and geophysical measurements results, ortho rectified photos and aerial photos of the area, and GIS analyses. Detailed analyses of possible instabilities and landslide hazard identification were directed to the flysch area in the central to lower parts of the Valley (Fig. 3) . Based on experience on similar terrains it was concluded that the main triggering factors on flysch slopes in studied area were intensive rainfalls which anticipated sliding [23] , but further analyses concerning the back period and time of landslide occurrence were not performed in this analyses.
Instabilities in the area
Large number of different instability phenomena was present in the area of dominant geomorphological unit Rječina River Valley -Sučka Draga ValleyBakar Bay -Vinodol Valley, during the last 30 years [24, 25] . Movement velocities of 1 cm/year that mach soil creep and landslides in their initial stage, attended with terrain erosion were registered. The fastest movements occurred episodically, as an answer to the change in geological and hydrogeological environment conditions. In the phase of landslide identification it was concluded that appearance of rock falls from limestone blocks in the area is possible, but not so threatening.
Slopes affected by sliding have distinctive water infiltration anisotropy. Groundwater flow in cohesionless talus material is very rapid, in contrast to cohesive talus material where water flow is slow. Hypodermic groundwater can be accumulated locally in clayey and silty slope material in the weathering zones. This water originates either from a direct infiltration of precipitation or from the karst aquifer on the top of the slope. Surface flowing usually happens in the cover, that is, on the contact with impermeable flysch bedrock. Groundwater is discharged by the main torrent channel [26] (Fig. 4) . During the rainy periods, the mesh of water flows appears due to the low permeability flysch bedrock layers. Therefore erosion is sporadically expressed. The characteristic of the flysch bedrock in the whole Vinodol Valley is the exchange of the area where the cover has the function of erosion protection and bare parts where the basic rocks are attacked by erosion [24] . Cultivated areas have the terrace shapes with mesh of drainage canals to reduce the harmful effect of erosion and to improve the stability of the slopes. Measurements in piezometers and wells enabled establishment of the groundwater level in some parts of the area. As the flysch bedrock is practically impermeable, water table has the surface compatible with the surface of the contact of the cover and the flysch bedrock. Consequently, from the flysch bedrock slope map, and the individual data about the groundwater level, it is possible to make the water table surface by interpolation and extrapolation, and to make the groundwater flow directions. That makes the analysis of the hydrodynamic forces possible. Knowing the direction of hydrodynamic forces is crucial for determining the possible directions of slope masses movements.
Figure 5:
Zoning in the investigated area: A-Digital elevation map; B-Slope angle map; C-Slope orientation map.
Results of the analyses
Landslide susceptibility assessment was made based on analysis of slopes of the cover, geological fabric of slope deposits and hydrogeological conditions inside the framework of qualitative analyses, based on the experience and knowledge about the past and present sliding and geomorphological conditions which anticipated these processes. GIS was used to gather, store, process and present the landslides data. Digital elevation model (DEM) with resolution 5x5m was made using geodetic data about points, polylines and polygons. Information about specific geomorphological, lithological, structural and hydrological attributes was joined to each pixel. Slope angle and slope orientation map were derived out of DEM (Fig. 5) and used in the analysis. The basic thesis in landslide susceptibility assessment was that similar conditions which led to sliding in the past, will lead to similar movements of the slope mass in the future [23, 26] . Landslide susceptibility map in flysch area.
Landslide susceptibility map (Fig. 6 ) was made by analyses of unfavourable conditions in the investigated area. Stable area was established in the flysch zone with relatively low slopes, usually between 15 and 20%. Regardless of the cover thickness and relatively high groundwater level, movements in this area are not possible, because the hydraulic gradient and hydrodynamic forces are very low. Area with expressed erosion is found at relatively stiff slopes and very thin or with no cover. Thick layers of weathered flysch rock mass, with some or no vegetation, and with occasional surface flows were established in these parts.
Potentially unstable area has slopes between 15 and 37%, and the cover is usually > 3 m thick. This is as well a characteristic of existing landslides in the area [26, 27] . Terrains with bedrock slopes between 20 and 35%, where landslide instabilities occur, were assigned as unstable area.
Conclusions
In the area of dominant geomorphological unit Rječina River Valley -Suščka Draga Valley -Bakar Bay -Vinodol Valley, many different phenomena of instability were found on flysch slopes in the past 30 years. Landslide susceptibility assessment was performed in one small part of this unit: northwestern part of the Vinodol Valley between the Bakar Bay and the neck near the Križišće settlement, based on analysis of the slopes, geological setting and geotechnical properties of the deposits in the geological profile and hydrogeological conditions. Slopes and the bottom of the valleys are built in flysch rock mass complex, consisting mainly of silty marl, siltstones and fine grained sandstones confined by fractured and karstified limestone rock mass.
Performed analyses divided the analysed flysch area into four classes of landslide susceptibility (Fig. 6 ): stable area, area with expressed erosion, potentially unstable area and unstable area with signs of creep and sliding. The results were compared with 2D stability analysis performed for single locations during the remediation works design. The comparison has shown a relatively good analogy with certain differences in transition areas. Contribution of this kind of assessment in flysch slopes gains the importance when applied to larger areas and definitely in combination with stability analysis performed on individual locations.
